We investigated the cell size reduction and size restoration of Eucampia zodiacus, an organism causing bleaching of aquacultured nori seaweed (Pyropia yezonensis), in laboratory culture observations. Mean cell size (apical length) of four E. zodiacus strains, which at the beginning of the experiment ranged between 59.2-73.4 µm, decreased to approximately 10 µm after 265-315 days with increasing number of cell divisions. The mean reduction rates in cell size ranged from 0.04 to 0.28 µm division -1 at 5 µm intervals of cell size. The rates were almost stable at cell sizes between 35 and 60 µm, and then declined with decreasing cell size. When the mean cell sizes reached <15 µm, they restored cell size. However, the restored-size cells ranged from 22.7-34.0 µm and were smaller than the maximum size (ca. 80 µm) observed in field samples from the Harima-Nada, eastern part of the Seto Inland Sea, Japan. Cell size restored to over 80 µm was observed only once, in the H31-C strain, when the mean cell size decreased to around 50 µm. The process of size restoration that was observed only once in the H31-C strain, was clearly different from the other size restoration mechanisms, suggesting that E. zodiacus has two different processes by which cell size is restored: sexual reproduction via auxospore formation and vegetative cell enlargement.
Eucampia zodiacus Ehrenberg is a common marine diatom observed in Harima-Nada, eastern part of the Seto Inland Sea, Japan . Since the mid-1990 s, its blooms have been frequently detected during the vertical mixing period in the water column from winter through early spring . Eucampia zodiacus blooms have caused the exhaustion of nutrients in the water column during the nori seaweed (Pyropia yezonensis (Ueda) M. S. Hwang & H. G. Choi) harvest season. The resultant lack of nutrients has lowered the quality of nori products due to bleaching (discoloration). The damage due to E. zodiacus has been more protracted and severe compared to that by other dominant diatoms in Harima-Nada (Nishikawa 2011) . Therefore, E. zodiacus has become known as the predominant harmful organism causing the bleaching of aquacultured nori.
Previous studies have investigated its population dynamics to elucidate the ecology of Eucampia zodiacus (Nishikawa et al. 2007 (Nishikawa et al. , 2013 , and mean cell densities of the E. zodiacus population in autumn had a significant negative correlation with the integrated number of days during the period from restoration of cell size to the peak of the bloom . Using the correlation, proposed that the time of bleaching occurrence could be predicted by monitoring the cell size restoration and mean cell density of E. zodiacus in autumn.
At present, there are no effective countermeasures against bleaching of aquacultured nori seaweed in the Seto Inland Sea. Therefore, prediction of bleaching probability and management of nori cultivation to take this into account would be an effective countermeasure to reduce negative impacts. From such a view-point, increased knowledge of the ecology of Eucampia zodiacus, especially in the process of cell size reduction and restoration, is needed to establish the biological background for the prediction of nori bleaching and for establishing preventative measures. In the present study, we investigated the cell size reduction and restoration of E. zodiacus in culture observations to shed light on its population ecology and suggest countermeasures to reduce the effects of the nori bleaching.
The four strains (A-6, D-14, F-6 and H31-C) of Eucampia zodiacus used in this study were isolated from the HarimaNada (A-6: 34°45′13″N, 134°34′15″E, December 20, 2002; D-14 and H31-C: 34°45′56″N, 134°28′9″E, October 1, 2003; F-6: 34°41′11″N, 134°52′50″E, March 29, 2002) . Three strains, A-6, D-14 and F-6, are clonal and were made axenic by micro-pipetting and washing according to the method of Nagai et al. (1998) . The other strain, H31-C is also clonal but not axenic. Mean cell sizes (apical length) of A-6, D-14, F-6 and H31-C strains at the beginning of the experiment were In the present study, the following incubation protocol was followed for the observations of cell size reduction and restoration. Cells of the four strains were inoculated each into a single 50-mL flask containing 35-mL modified MP1 medium (Nagai & Manabe 1994) to give a final cell density of 50-250 cells mL −1
. Cultures were incubated for 7 days at 20°C under 100 µmol m −2 s −1 of cool-white fluorescent illumination (FL40SSW/37, Sanyo) with a 10-h light/14-h dark cycle. In this experiment, these maintained cultures were repeated, and cell sizes (apical length) of 80-100 cells for each sample were measured after each 7-day incubation. In addition, the initial and final cell density for each 7-day incubation was also measured for the three strains (A-6, D-14 and F-6). The mean cell sizes at the beginning of the measurement were 44.1, 65.6 and 61.0 µm in the A-6, D-14 and F-6 strain, respectively. According to the method of D Alelio et al. (2009), the total number of divisions and reduction rate in cell size (µm division
) in each 7-day period were estimated. The growth rate was calculated using data from the exponential portion of the growth curve using least squares regressions of the natural logarithm of cell number against the number of days at intervals of 10 µm cell size between approximately 10 and 80 µm.
Cell size of each Eucampia zodiacus strain decreased gradually with the number of cell divisions (Fig. 1) . Mean cell size of A-6, D-14, F-6 and H31-C strains, in which mean cell sizes at the beginning of this experiment were 59.2, 73.4, 61.0 and 62.0 µm, decreased to approximately 10 µm after 280, 315, 278 and 265 days, respectively. Total number of divisions was calculated to be 258, 327 and 308 times in A-6, D-14 and F-6 strains, and mean growth rates, including the steady state period, were estimated as 1.1-1.
between the beginning and the end of the whole experimental period. In the A-6, D-14 and F-6 strains, occurrences of larger cells, assumed to be size-restored from the small-sized cells, were observed when the mean cell size became smaller than around 15 µm. The mean size of cells after size-enlargement was 22.7-34.0 µm, and small-sized and size-restored cells were mixed in a flask. The proportion of small cells decreased when the cultures were repeated. On the other hand, cells in which cell sizes were restored to over 80 µm were observed in the culture of the H31-C strain, when mean cell size decreased to around 50 µm (Fig. 1) . However, restoration of maximum cell size in the H31-C strain was observed only once in this culture experiment. Cell size of the H31-C strain decreased to approximately 10 µm and, after reaching that size, it was restored by the same process observed in the other strains.
The mean reduction rate of cell size in the three strains ranged from 0.04-0.28 µm division −1 for each 5 µm cell size bin (Fig. 2) . The reduction rates were almost stable at cell sizes between 35 and 60 µm. When the cell sizes decreased to less than 35 µm, however, the rates declined with decreasing cell size (Fig. 2 ).
The growth rates versus cell size for the three axenic Eucampia zodiacus strains spanned from 1.3 to 2.5 divisions d
, with most values being between 1.6 and 2.1 divisions d −1 (Fig. 3) . No clear difference or tendency for different growth rates was detected for any strain or cell size bin combination.
Laboratory culture observations indicated that the minimum cell size (apical length) of Eucampia zodiacus was approximately 10 µm. This minimum value is in close accordance with field observations in the Harima-Nada (Nishikawa et al. 2007 (Nishikawa et al. , 2013 . In diatoms, cell size usually decreases with the number of cell divisions, as a result of the mechanism of frustule formation, according to the MacDonald-Pfizer Rule (e.g. Nagai & Imai 1999) . It has been established that diatoms have a minimum cell size in each species, at which size they become unable to divide any further and die. For instance, Coscinodiscus wailesii Gran, another organism causing nori seaweed bleaching, has been reported to have a minimum viable size (valve diameter) of about 70 µm (Nagai & Manabe 1994) . On the other hand, restoration of cell size in natural populations of C. wailesii has been reported to occur before reaching this minimum size, when the mean valve diameter decreases to around 250 µm in the Harima-Nada (Nagai et al. 1995) . Nagai and Imai (2001) have suggested that restoration of cell size at a mean diameter of around 250 µm in C. wailesii is a survival strategy to avoid extermination by BacteriaPromoting Sperm Formation of C. wailesii (BPSF-Cw), or as a result of natural selection through the pressure of BPSF-Cw. In contrast to C. wailesii, the present results indicate that E. zodiacus restores its cell size after reaching the minimum viable size in natural populations in the Harima-Nada.
In the present culture experiment, no difference in the growth rate of Eucampia zodiacus was detected among the different cell size bins (Fig. 3) . Cell sizes of all strains, which at the beginning of the experiment ranged from 59.2 to 73.4 µm, reached their minimum values from 265 to 315 days later with a mean growth rate of 1.1-1.2 divisions d −1
. In E. zodiacus, restoration of cell size has been reported to occur once in each autumn, with great seasonal regularity, just after reaching their minimum viable size, and that the restored-size cells gradually decrease in size to reach a minimum again about one year later in the Harima-Nada (Nishikawa et al. 2007 (Nishikawa et al. , 2013 . The present results suggest that the maximum cell size of E. zodiacus can reach the minimum viable size within one year if the mean growth rate is over ca. 1.1 divisions d −1 throughout the year.
Restoration of cell size in Eucampia zodiacus occurred when the mean cell size reached near minimum size in all three strains, and that size was smaller than around 15 µm. Sexual reproduction such as via auxospores, containing oogonia and spermatogonia, of E. zodiacus has been demonstrated in culture (Hoppenrath et al. 2009 ). In the present study, auxospores and motile sperm of E. zodiacus were observed when reaching near the minimum cell size, and the morphologies were similar to previous observations reported by Hoppenrath et al. (2009) . This indicates that E. zodiacus cells reaching the minimum size restore their size through sexual processes. On the other hand, the process of size restoration that was observed only once in the H31-C strain, when the mean cell size of parent cells reached around 50 µm, was different from the others mentioned above. In this process, a gap occurred between the frustule and cytoplasm, and expanded cytoplasm with auxospore-like spherical cells were observed. In addition, there was no evidence for sexual processes such as the formation of oogonium and/or spermatogonia during or preceding this process. In diatoms, there are two ways to restore cell size. One is auxospore formation (sexual processes) and the other is vegetative cell enlargement (asexual formation). Vegetative cell enlargement has been reported in centric diatoms such as Skeletonema costatum (Greville) Cleve (Gallagher 1983) and Coscinodiscus wailesii (Nagai & Manabe 1994 , Nagai et al. 1995 . The method of size restoration at 50 µm observed once in the H31-C strain, such as the formation of auxospore-like spherical cells, was similar to vegetative cell enlargement seen in other diatoms such as S. costatum and C. wailesii. The restoration of the H31-C strain therefore seemed to occur by vegetative cell enlargement rather than sexual auxospore formation. It is thought that E. zodiacus exhibits two different processes for its cell size restoration, as also reported for S. costatum (Migita 1967 , Gallagher 1983 and C. wailesii (Nagai & Manabe 1994 , Nagai et al. 1995 .
In the present culture experiment, the range of the mean restored size (22.7-34.0 µm) attained after reaching the minimum size was smaller than that of the maximum size (around 80 µm) observed in field samples from Harima-Nada (Nishikawa et al. 2007 (Nishikawa et al. , 2013 . Cell size restored to over 80 µm was observed only once, in the H31-C strain, when the cell size decreased to around 50 µm. Therefore, we were not able to clarify the whole process by which Eucampia zodiacus restores its cell size from the minimum (<15 µm) to the maximum (ca. 80 µm) in the Harima-Nada. It is known that some diatoms have a heterothallic life cycle, and that sexual reproduction is induced only when strains belonging to different In culture experiments, therefore, using multiple cultured strains might be effective for observations of cell size restoration from minimum to maximum. For E. zodiacus, survival as a relatively small-sized cell in the stratified period during spring to summer, and restoring its cell size in autumn when vertical mixing occurs in the water column, might be a strategy to adapt to the oceanographic conditions of the HarimaNada (Nishikawa et al. 2013 ). However, the most effective trigger for cell size restoration remains unknown. In addition, auxospores of E. zodiacus have not yet been identified in field samples. Further studies are needed to clarify the more detailed process of cell size reduction and restoration in E. zodiacus under both field and cultured conditions.
